Cotton fiber is a specialized unicellular structure useful for the study of cellular differentiation and development. Heat shock proteins (HSPs) have been shown to be involved in various developmental processes. Microarray data analysis of five Gossypium hirsutum genotypes revealed high transcript levels of GhHSP90 and GhHSP70 genes at different stages of fiber development, indicating their importance in the process. Further, we identified 26 and 55 members of HSP90 and HSP70 gene families in G. hirsutum. The treatment of specific inhibitors novobiocin (Nov; HSP90) and pifithrin/2phenylethynesulfonamide (Pif; HSP70) in in-vitro cultured ovules resulted in a fewer number of fiber initials and retardation in fiber elongation. The molecular chaperone assay using bacterially expressed recombinant GhHSP90-7 and GhHSP70-8 proteins further confirmed the specificity of inhibitors. HSP inhibition disturbs the H 2 O 2 balance that leads to the generation of oxidative stress, which consequently results in autophagy in the epidermal layer of the cotton ovule. Transmission electron microscopy (TEM) of inhibitor-treated ovule also corroborates autophagosome formation along with disrupted mitochondrial cristae. The perturbations in transcript profile of HSP inhibited ovules show differential regulation of different stress and fiber development-related genes and pathways. Altogether, our results indicate that HSP90 and HSP70 families play a crucial role in cotton fiber differentiation and development by maintaining cellular homeostasis.
Results
Cotton fiber development concurs with high-level expression of HSPs. All the living organisms are equipped with several classes of structurally unrelated molecular chaperones to ensure proper protein folding during stress condition or rapid development. Analysis of previously published microarray gene expression data 34 on six fiber developmental conditions in five genotypes of G. hirsutum, revealed that based on the transcript levels, HSPs are clustered into three distinct clusters ( Supplementary Fig. S1 ). The cluster-II belongs to genes that expressed at high level in almost all the tested developmental stages. The cluster-II consists of different type of HSPs including HSP90 and HSP70 genes, indicating their involvement throughout the fiber development. The transcript level of GhHSP90-7 and GhHSP70-8 belonging to cluster-II was further validated by qRT-PCR, which showed the high transcript level of both these genes especially during initiation and early elongation ( Supplementary Fig. S2 ).
Gene family structure of HSP90 and HSP70 in G. hirsutum. The transcript levels of GhHSP90 and GhHSP70 pointed out their possible role in fiber development. Thus we explored gene family structure of these two chaperons. The HSP90 family in G. hirsutum comprises of total 26 members, 13 each from A and D sub-genomes and contain HSP90 and HATPase_c domain ( Table 1 ). The GhHSP90 family members are distributed on chromosome number (Ch.) 1, 3, 6, 7, 8, 12 and 13 in A sub-genome and on Ch. 1, 2, 3, 6, 7, 8, 12 and 13 in D sub-genome ( Table 1 ). All the homoeologs of GhHSP90 family members are present concurrently on chromosomes of A and D sub-genomes, except for GhHSP90-3A and GhHSP90-3D which are present on Ch. A3 and D2 respectively. Further, GhHSP90-5A.1 and GhHSP90-5A.2, GhHSP90-5D.1 and GhHSP90-5D.2, GhHSP90-7A. 1 and GhHSP90-7A.2, GhHSP90-7D.1 and GhHSP90-7D.2 seem to evolve due to independent duplication event. Thus, the presence of four copies each of GhHSP90-5 and GhHSP90-7 in G. hirsutum genome indicates their possible evolutionary importance in growth and development of cotton.
GhHSP70 family is relatively large consisting of 55 members and characterized by the presence of HSP70 domain. In Arabidopsis, the HSP70 family grouped into HSP70 sub-class and HSP110/SSE sub-class based on their molecular weight 28 . Similarly in G. hirsutum, out of 55 members, 43 belong to HSP70 sub-class (19 from A and 24 from D sub-genomes) and 12 (6 each from A and D sub-genomes) belong to HSP110/SSE sub-class. The GhHSP70 family members are present on all the chromosomes except Ch. 4 and 7 ( Table 2 ). Like GhHSP90 gene family, all the GhHSP70 genes are located on respective homologous chromosomes in both the sub-genomes, except for GhHSP70-3A and GhHSP70-3D, which is located on A2 and D3 respectively. We failed to detect A sub-genome specific homoeologs of five members namely GhHSP70-5D, GhHSP70-6D, GhHSP70-11D, GhHSP70-16D, and GhHSP70-27D whereas GhHSP70-26D is a partial sequence. The homoeolog of GhHSP70-31A (present on Ch. A10) was identified on scaffold Gh_Sca004937G04 and named as GhHSP70-31D (Table 2 ) .
Sub-cellular localization prediction indicated that members of both the families were localized either in the cytoplasm or other sub-cellular organelles. Of all the members of GhHSP90 and GhHSP70 sub-class, 16 and 23 members were cytoplasmic. Other members were found to localize either in the ER (six and nine members respectively), chloroplast (two and five members respectively) or in the mitochondria (two and six members ScIenTIFIc REPORTS | (2018) 8:3620 | DOI:10.1038/s41598-018-21866-0 respectively) (Tables 1 and 2) . Similarly, the members of HSP110/SSE sub-class were also predicted to localize in the cytoplasm (four members), nucleus (four members), ER/nucleus (two members) or the nucleus/ER (two members) ( Table 2 ). The phylogenetic tree showed GhHSP90 family members grouped mainly into two groups with members of each branch having similar sub-cellular localization. The members of the group I were further sub-categorized into Ia (members localized in the cytoplasm) and Ib (members localized in the ER), whereas group II members were predicted to localize in the chloroplast or mitochondria (Fig. 1A ). In the case of GhHSP70, the phylogenetic tree bifurcated the two sub-classes on different branches, which further formed groups based on their sub-cellular localization. The HSP70 subclass grouped into Ia, Ib, Ic, Id, and Ie that were predicted to localize into the cytoplasm, ER, chloroplast, mitochondria, and cyto/PM, respectively (Fig. 1C) . Whereas, the HSP110/SSE members formed altogether a different cluster II (Fig. 1C ).
To probe further into the possible role of GhHSP90 and GhHSP70 genes during fiber development, we investigated their transcript levels. Among GhHSP90 members, GhHSP90-7 and GhHSP90-5A showed higher transcript levels in all the stages of fiber development, suggesting their importance throughout the fiber development. GhHSP90-2 and GhHSP90-6D showed medium transcript levels in all the stages whereas, GhHSP90-4, GhHSP90-9, and GhHSP90-8D showed significant transcript levels in the later stages of development. GhHSP90-10 was found to express significantly in early stages, and GhHSP90-8A has poor transcript levels in all the stages of development ( Fig. 1B) . Similarly, the members of GhHSP70 were clustered into genes with low transcript levels in all the stages (GhHSP70-29, GhHSP70-16D, GhHSP70-27D, GhHSP70-5D, GhHSP70-31, GhHSP70-4 and GhHSP70-6D), genes with high transcript levels in all the stages (GhHSP70-24, GhHSP70-12, GhHSP70-25D, GhHSP70-3, and GhHSP70-8) and genes with intermediate transcript levels in all the stages (GhHSP70-10, GhHSP70-14, GhHSP70-20, GhHSP70-13, GhHSP70-15, GhHSP70-17, GhHSP70-25A, GhHSP70-23, GhHSP70-26A, GhHSP70-19 and GhHSP70-9) (Fig. 1D ). While GhHSP70-30 and GhHSP70-7 showed significant transcript level in the later stages, GhHSP70-1, GhHSP70-22, GhHSP70-18, GhHSP70-26D, GhHSP70-2, GhHSP70-11D and GhHSP70-21 showed higher transcript levels in early stages of fiber development, suggesting their importance in their corresponding stages ( Fig. 1D ).
HSP90 and HSP70 activities are essential for the appropriate development of cotton fiber.
Nov and Pif are reported inhibitors for HSP90 32 and HSP70 33 classes of proteins, respectively. We assessed the role of HSP90 and HSP70 in cotton fiber development by treating developing cotton ovules with Nov and Pif respectively in in-vitro ovule culture ( Fig. 2A) . The varying concentrations of Nov and Pif were used to determine the IC 50 value ( Supplementary Fig. S3 ). Both the inhibitors showed significant inhibition of fiber development with increasing concentrations as also indicated by decreasing total fiber unit (TFU) (Fig. 2C ). This result was further confirmed by the decline in fiber growth observed in scanning electron microscopy (SEM) of inhibitor-treated ovules (Fig. 2B ). The inhibition of the fiber development was more pronounced when inhibitors were added either at initiation or at the elongation stage for both Nov and Pif ( Fig. 2A) . The IC 50 for Nov for both the initiation and elongation stages was 31.5 µM, while that of Pif for both stages was 20 µM (*p-value ≤ 0.05, **p-value ≤ 0.01). We did not observe any significant inhibition by either Nov or Pif when treated at SCW biosynthesis stage; this is also indicated by no change in cellulose content ( Fig. 2A and C). Thus, our results showed that appropriate chaperonic activities of HSP90 and HSP70 are crucial for optimal fiber development at initiation and elongation stages.
Nov and Pif are inhibitors of cotton HSP90 and HSP70. The specificity of inhibition of fiber development by Nov and Pif was evaluated using Citrate synthase (CS) assay 35 . CS is a substrate for both HSP90 and HSP70, and it is a thermally unstable protein that makes it suitable for analyzing chaperone activities 35, 36 . Initially, the assay was standardized using human CS, HSP90 and HSP70 obtained from Sigma, USA ( Fig. 3A-D) . The Nov/ Pif ( Fig. 3A and B) alone do not affect the activities of CS. However, the inclusion of human HSP90 ( Fig. 3C ) and HSP70 ( Fig. 3D ) in the reactions showed significant chaperonic thermos-protection as expected. But, BSA at an equivalent concentration does not show thermos-protection on CS ( Fig. 3A and B ). Further, the addition of Nov to the reaction containing CS and human HSP90 resulted in the loss of thermos-protection by HSP90 ( Fig. 3C) . Similarly, Pif also inhibits thermos-protection by HSP70 ( Fig. 3D ). Thus, our results validate previously reported thermos-protection activities of HSP90 and HSP70 on CS 35 and the specificity of inhibition of these interactions by Nov and Pif respectively. Next, we replaced the human HSPs from the CS thermos-protection assay with bacterially expressed partially purified recombinant GhHSP90-7 and GhHSP70-8 proteins ( Supplementary  Fig. S4 ). We observed, similar to human HSP90 and HSP70, GhHSP90-7 and GhHSP70-8 also showed significant thermos-protection to CS in our assay ( Fig. 3E and F) . Further, the addition of Nov and Pif completely inhibited ScIenTIFIc REPORTS | (2018) 8:3620 | DOI:10.1038/s41598-018-21866-0 the thermos-protection activity of GhHSP90-7 and GhHSP70-8, respectively ( Fig. 3E and F). Thus, our results showed that inhibition of fiber development observed in in-vitro condition by Nov and Pif was indeed due to their inhibitory effect on chaperonic activities of GhHSP90 and GhHSP70, respectively.
Inhibition of HSP90 and HSP70 activity leads to ROS imbalance and autophagy in developing fibers.
The HSPs are involved in cellular homeostasis during stress and rapid growth. Thus, any imbalance in HSPs like inhibition of HSP activity by inhibitors impaired cellular homeostasis and therefore resulted in ROS imbalance. Fiber development also requires finely tune ROS response 5 . Thus any imbalance in ROS may lead to improper fiber development. Hence, we examined ROS response in Nov or Pif treated ovules by estimating the H 2 O 2 , superoxide, and ascorbate peroxidase (APX) activity 7, 37, 38 . The Nov and Pif treated ovules at 0, and 6 Days post anthesis (DPA) in in-vitro condition showed a significant increase in H 2 O 2 and superoxide levels ( Fig. 4A ,C, and Supplementary Fig. S5 ). The results suggested that the inhibition of HSPs leads to significantly higher accumulation of H 2 O 2 and superoxide radicals. Further, as expected treatment of Nov or Pif also leads to significant decrease in the APX activity at 0 DPA, which correlates, well with higher H 2 O 2 level ( Fig. 4E ). Thus, results indicate that treatment of developing fibers with Nov and Pif leads to an imbalance in ROS. The higher accumulation of H 2 O 2 and inhibition of HSP has shown to destine the cells to autophagy-mediated cell death 39, 40 . Thus, we examined the potential induction of autophagy in Nov and Pif treated fibers at 0 DPA and 1 DPA by staining them with monodansylcadaverine (MDC). The committed fiber cells (0 DPA) and the protruding fibers (1 DPA) showed significant fluorescence in the Nov and Pif treated ovules indicating a higher level of autophagosomes, whereas no significant fluorescence was observed in control ovules treated with DMSO ( Fig. 5A and B ). Thus, our results revealed that higher accumulation of H 2 O 2 due to inhibition of HSP activities lead to significant induction of autophagy in the fibers treated with Nov and Pif.
The TEM analysis of 1 DPA fibers of control or Nov/Pif treated fiber cells further confirmed the results (Fig. 5C ). The TEM revealed that Nov and Pif treated fiber cells showed a significantly higher number of refractive autophagosomes, which are altogether absent from the un-treated fiber cells. The previous report also suggested that autophagy caused due to oxidative stress, targets ROS production sites, such as mitochondria 41 . In TEM images we observed that Nov and Pif treated cells showed abnormal mitochondrion with disorganized cristae while that in control was well formed (Fig. 5D ). Thus, results confirm that HSP inhibition causes induction of oxidative stress in the ovule that ultimately leads to autophagy.
HSP90 and HSP70 inhibition result in modulation of the transcriptome during cotton fiber development.
Cotton fiber development is a complex process as it involves a suite of transcription factors and regulators 1,2 . Application of HSP inhibitors hinders the fiber growth in the developing ovules, which might have accompanied by the pronounced alteration in transcription in developing fibers. The transcriptome sequencing of Nov/Pif treated and control ovules at 6 DPA was carried out ( Supplementary Table S2 ). The quality filtered reads were mapped on G. hirsutum reference genome and identified differentially expressed genes (DEGs). Nov treatment leads to up-regulation of 435 genes and down-regulation of 445 genes (total 880 DEGs) as compared to control (Fig. 6A) , whereas, Pif treatment results in a total of 1251 DEGs out of which 965 were up-regulated and 286 were down-regulated in 6 DPA ovules (Fig. 6A ). The total of 441 DEGs was found to be common between DEGs of Nov and Pif (Fig. 6B ) of which 321 DEGs were up-regulated and 118 DEGs were down-regulated in both the cases (Fig. 6C ). The percentage of A or D specific expressed genes in either of the inhibitors treated samples remain almost same ( Supplementary Table S3 ). We analyzed common DEGs to identify pathways influenced by inhibition of HSP90 and HSP70 during fiber development. It was interesting to note that the DEGs belong to up-and down-class for both the inhibitors were strikingly similar (Fig. 6C ). The significant characteristic metabolic bins assigned to DEGs in MapMan analysis are RNA, Protein, hormonal metabolism, signaling, cell wall and stress (Fig. 6D) . The pathways and genes that were up-regulated due to inhibition of both HSPs belongs to ABA metabolism, auxin metabolism, ethylene metabolism, jasmonate metabolism, abiotic stress, calcium signaling, GABA amino acid metabolism, nucleotide salvage pathways, vacuole protein targeting, kinases, protein degradation, signaling, miscellaneous pathways like UDP glucosyl and glucoronyl transferases, oxidases, invertase, AP2/EREBP, NAC, WRKY, AUX/IAA, PHOR1, potassium transporter, armadillo/beta-catenin repeat protein etc. (Fig. 6E, Supplementary Fig. S6) . The pathways and genes that were down-regulated include mitochondrial electron transport, cell wall, lignin biosynthesis, brassinosteroid biosynthesis, lipid metabolism, cytochrome P450, GDSL-motif lipase, MYB40, GST, LTP, protein synthesis, intrinsic protein transporters, etc. (Fig. 6E, Supplementary Fig. S6 ). These DEGs includes several genes and pathway that were reported to be involved in fiber development such as mitochondrial electron transport, cell wall, phenylpropanoid pathways, brassinosteroid biosynthesis, cytochrome P450, GDSL-motif lipase and MYB transcription factors (Fig. 6E) [42] [43] [44] [45] . Besides, HSP inhibition resulted in up-regulation of several stress-related pathways; these include ABA metabolism, auxin metabolism, ethylene metabolism, jasmonate metabolism, abiotic stress, Calcium, AP2/EREBP, NAC, WRKY, AUX/IAA, etc. (Fig. 6E) [46] [47] [48] [49] . The transcriptome data was further validated using qRT-PCR of seven each of commonly up-regulated (WRKY53, ABA-responsive gene, BRH1, NAM, C2H2-Zn finger, Glycoside hydrolase, and NDR1) and down-regulated genes (Ribosomal protein, WRKY29, GDSL-Lipase, EXP8, UGT72E1, MYB40, and SQE) that were identified using RNAseq ( Supplementary Table S4 ). GbUbiQ1 and Histone3 were used as internal control genes to normalize the real-time expression values ( Supplementary Fig. S7 ). Several genes that were selected for qRT-PCR validation are implicated earlier for their role in the fiber development. The qRT-PCR analysis showed that all the selected genes showed transcript level similar to that observed in RNAseq, thus validating their expression pattern ( Supplementary Fig. S7 ).
Discussion
Plants are sessile; therefore, the importance of HSPs in combating stress conditions escalates. HSPs have also been reported to play a crucial role in plant growth and development. Suppression of HSP90 activity leads to developmental defects in Arabidopsis 50 , suggesting their essential role in plant development. Likewise, HSP70 is known to bind nascent polypeptides helping them to fold, prevent aggregation and keep them in an import-competent state 51 , also HSP70 has been reported to induce during microspore differentiation in Capsicum 52 . Several HSP genes were down-regulated at both RNA and protein levels in ligon lintless-1 (Li1) mutant of G. hirsutum, suggesting their involvement in fiber development 29, 53 . Cotton fiber development is a complex process, and differential expression of several members of HSPs in the microarray of different fiber developmental stages indicates their involvement in the process ( Supplementary Fig. S1 ). The consistent higher transcript level of HSP90 and HSP70 genes throughout various stages in all the five superior and inferior fiber quality genotypes of G. hirsutum suggests their pivotal importance in the development of cotton fiber ( Supplementary Fig. S1 ). Further, the real-time expression analysis of these genes in one of the superior fiber quality genotype of G. hirsutum corroborate their role especially in early stages of fiber development, i.e., in fiber initiation and elongation ( Supplementary Fig. S2 ).
HSPs are multigene protein families; different members of HSP gene families might play various roles depending on their pattern of transcript level, substrate specificity, and localization. HSP family members showed differential transcript levels during fiber development ( Supplementary Fig. S1 ). We focused only on HSP90 and HSP70 family since they are predominantly expressed during all the stages of fiber development ( Supplementary  Fig. S1 ) in G. hirsutum. Both the HSP90 and HSP70, gene families, remain highly conserved throughout the kingdom, probably due to their involvement in several fundamental biological processes and defense response. The genome-wide analysis shows the occurrence of 26 and 55 members of GhHSP90 and GhHSP70 gene families in G. hirsutum, respectively (Tables 1 and 2 ). The number of these family members are significantly higher in comparison to the other plant species, probably due to tetraploid nature of G. hirsutum, but paleopolyploid soybean has yet higher, 61 GmHSP70 members 54 . The duplication of GhHSP90-5 and GhHSP90-7 seems to be evolutionarily relevant, as these genes were also duplicated in the G. arboreum (A) and G. raimondii (D) progenitors and have transferred to G. hirsutum during its speciation. The phylogenetic analysis shows the distribution of GhHSP90 members into two major groups by their cellular localization (Fig. 1A) . The members probably have conserved sub-cellular localization due to their specific functions 55 . GhHSP70 members present into two major groups in the phylogenetic tree, the higher molecular weight members, HSP110/SSE members form one group, and the lower molecular weight members form the other group, probably due to their sub-cellular localization and functional diversity (Fig. 1C) . Further, the transcript abundance analysis of GhHSP90 and GhHSP70 genes in different stages of fiber development shows the constitutive as well as stage-specific transcript level suggesting the specific and non-overlapping importance of these members. Most of the HSP90 and HSP70 homeologs show similar transcript levels and clustering ( Fig. 1B and D) .
HSPs are chaperone proteins that help in maintaining the protein homeostasis 56 . Cotton fiber development requires a repertoire of genes and proteins expressing during different development stages, the maintenance of cellular homeostasis during the process is a must and may require HSP proteins. Application of HSP90 inhibitor (Radicicol) on developing fibers in-vitro hinders fiber elongation, but the study was limited to brief phenotypic observations 29 . Several HSP inhibitors have been extensively studied and characterized in the animal system 32, 33 . Application of HSP inhibitors in in-vitro ovule culture can prove to be an efficient system for exploring their role in fiber development. We studied the inhibitory activity of two of the previously reported inhibitors of HSP90 and HSP70, i.e., Nov and Pif, respectively in the plant system for the first time. The decline in fiber growth on the application of HSP inhibitors further strengthen the importance of HSP90 and HSP70 activity in both initiation as well as in elongation stage of fiber development. The phenotypic and biochemical parameters suggest varying concentration of Nov and Pif showed pronounced inhibition of fiber development ( Fig. 2A and C ). The SEM also shows the significant decline in fiber growth (Fig. 2B ). However, no significant alteration observed during secondary cell wall deposition stage (Fig. 2C) indicating that HSPs are essential during rapid growth at fiber initiation and elongation.
Mainly the HSP inhibitors for animal HSPs are biochemically characterized till date. However, these HSP inhibitors can potentially inhibit plant derived HSPs, due to their evolutionarily conserved overall domain structure 32, 33 . The well-established protocol on thermo-stability of CS in presence or absence of Nov and Pif was used to evaluate their specificity in inhibiting chaperonic activities of GhHSP70 and GhHSP90. Plant-derived GhHSP70 and GhHSP90 showed comparable thermos-protection to the human CS confirming their evolutionary conservation of substrate preference (Fig. 3) . The thermos-protecting chaperonic activity of GhHSP70 and GhHSP90 inhibited efficiently by Nov and Pif ( Fig. 3E and F) , pitching on the importance of these molecules for functional studies on HSPs. Further, the mere addition of Nov or Pif to the reactions do not showed any effect on the activity of CS, indicating that the inhibition by Nov and Pif are specific ( Fig. 3A and B) . The results thus confirmed that inhibition of fiber development by treatment of Nov/Pif was actually due to the inhibition of chaperonic activities of HSP70/90. The increased levels of H 2 O 2 lead to oxidative stress 8 . Also, H 2 O 2 balance is crucial in growth and development, including cotton fiber development 5 . In agreement with the previous studies, we also observed a rise in the H 2 O 2 levels due to HSP inhibition during cotton fiber development 57 . The imbalance in H 2 O 2 levels leads to inhibition of fiber development in both initiation and elongation stage ( Fig. 4A and C) . The optimal concentration of H 2 O 2 plays a vital role to destine the cotton ovule epidermal cell to differentiate into a fiber 5 . The outburst of H 2 O 2 accompanies the transition from initiation to elongation 5, 6 . In our study inhibition of HSP90/70 by Nov and Pif might have resulted in the alteration in cellular homeostasis, which leads to oxidative burst (higher levels of H 2 O 2 and superoxide radicals) and a decline in fiber growth. The expression pattern of HSP90 and HSP70 genes might correlate with H 2 O 2 levels in fiber cells. The lintless-fuzzless mutants show low transcript levels of HSP90 and HSP70 genes 42 and also undergo fiber initiation when treated with appropriate concentrations of H 2 O 2 5 .
The higher H 2 O 2 levels have been shown to be detrimental to growth and development in plants 9 . Antioxidant enzymes, like APX, maintain the balance of H 2 O 2 . As expected, lower APX activity leads to higher H 2 O 2 levels in Nov and Pif treated ovules (Fig. 4E) , clearly indicating that Nov and Pif treatment leads to oxidative stress like condition in developing fibers. The optimal APX activity is needed for proper development of fibers since lintless-fuzzless mutants showed reduced APX activity 7 . However, significantly higher levels of oxidative radicals (H 2 O 2 and superoxide) and declined APX activity may have destined fiber cells to death since a rise in the H 2 O 2 signals the cell toward apoptotic pathways, eventually leading to cell death 58 . We show the accumulation of significantly higher level of autophagosome in both Nov and Pif treated fiber cells (Fig. 5) . The autophagy induced due to oxidative stress is accompanied by the destruction of ROS generating sites, such as mitochondria 41 . The presence of disrupted cristae in mitochondria of Nov and Pif treated ovules (Fig. 5D ) further confirms the induction of autophagic pathways. Thus inhibition of HSPs leads to failure in maintenance of homeostasis that pushes developing fiber cells to death by autophagy.
The inhibition of HSP proteins does cause a drastic change in the transcript profile of cotton fiber ( Fig. 6 and Supplementary Fig. S6 ). Interestingly, both the inhibitors seem to target same pathways and genes, as seen by shared DEGs in both the inhibitors (Fig. 6) . Thus, results indicate that HSP70 and HSP90 may have many common targets, which could be the master regulators of transcription during fiber development. Inhibition of HSPs has been reported to induce oxidative stress in the living system 57 . Our transcriptome data suggest that inhibitor-treated cotton ovules result in differential regulation of several known stress-related genes. AP2/EREBP transcription factors have been reported to regulate developmental, physiological and biochemical responses during different stress conditions in plants 48 . AP2/EREBP transcription factors, like CRF2 (cold inducible), DREB1D (dehydration and cold-inducible) 48 were identified as up-regulated in our analysis whereas RAP2.3 was down-regulated 59 . The C3H type transcription factor such as, CZF1 which is a salt inducible transcription factor 60 was identified as up-regulated in our transcriptome data. Several NAC family transcription factors that are reported in stress response 61 were also up-regulated in our data. Ethylene signal transduction is crucial for fiber development as well as in stress response, ethylene signaling related genes such as ERF5 and ERF9 62,63 were seen up-regulated in the present study. Similarly, WRKY53 was identified as up-regulated in the transcriptome ( Supplementary Fig. S7 ) which has been reported to be overexpressing during drought stress in Arabidopsis 49 . Members of C2H2 zinc finger family are also identified as up-regulated, such as ZAT10 and ZAT12 (cold inducible). We observed up-regulation of the genes belonging to ABA metabolic pathways known to have a critical role in stress hormone in plants 64 . Calcium acts as an essential signaling molecule in both fiber development and in coping with stress. Enhanced H 2 O 2 levels also induce Ca 2+ signaling pathways 65 , the rise in Ca 2+ signaling pathways in the present study might be due to the high concentration of H 2 O 2 in inhibitor-treated ovules (Fig. 6 ). All the genes and pathways that were up-regulated points towards the activation of multiple stress-related pathways during HSP inhibition. Inhibition of HSPs facilitates protein degradation via ubiquitin-mediated pathways 66 . In concordance, we identified up-regulation of several genes involved in ubiquitin-mediated protein degradation. Similarly, protein degradation related PHOR1 transcription factors were also up-regulated 67 . Thus, results indicate that HSP inhibition by treatment with inhibitors results in improper protein folding and that may lead the proteins towards ubiquitin-mediated protein degradation pathways in cotton fiber. Apart from up-regulated genes, there were several genes that are reported to play a role in fiber elongation, such as Pectate lyase 68 , WRKY 69 , GDSL-lipase 70 , lignin biosynthesis related gene UGT72E1 71 were down-regulated in the present study. Further, Cytochrome p450 genes which are involved in brassinosteroid biosynthesis and having an important role in fiber elongation were down-regulated in our study 72 . Expansins are the cell wall loosening enzymes which are important for fiber elongation 73 were found to be down-regulated in the present study. Thus major conclusion from transcriptome indicates that inhibition of HSPs leads to up-regulation of genes and pathways that are involved in managing stress and down-regulation of several genes reported to play an essential role in fiber development.
Thus, our study points towards the importance of HSP90 and HSP70 in fiber initiation and elongation. HSP90 and HSP70 inhibition lead to oxidative stress and autophagic cell death in initiating and elongating fiber cells. We observed up-regulation of genes belonging to several stress-related pathways and down-regulation of several fiber-elongation related genes concurrently to inhibition of HSP90 and HSP70. Our study thus points out the importance of chaperone and their possible engineering for better fiber yield and quality.
Material and Methods
Plant Materials. G. hirsutum genotype JKC725 was used in the present study for all the experimental purposes. Ovules from field grown plants were excised at −3 and 0 DPA for in-vitro ovule culture. The 6 DPA ovules were used for RNA extraction and full-length cloning of GhHSP90 and GhHSP70.
Microarray data retrieval and transcript level analysis of HSPs. Cotton fiber in-house microarray
data (GSE36228) from our previous study 34 was used to perform gene expression analysis at different stages of fiber development (0, 6, 9, 12, 19 and 25 DPA) . Based on the annotation of probe sets, log 2 expression values of all the HSP genes were fetched (p-value ≤ 0.05). A heat map was generated to visualize the transcript level of significantly expressed HSP genes using MeV v2.0 software (http://mev.tm4.org/#/welcome).
Gene family, phylogenetic tree and transcript level analysis. The Arabidopsis HSP90 and HSP70
protein sequences were used as a query to perform BlastP similarity search (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/) against G. hirsutum proteome data available at CottonGen database 74 . The sequences obtained were analyzed for the presence of characteristic domains of both the families using Conserved Domain Database (CDD; https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 75 . Further, the identified genes were classified as A-and D-subgenome homeologues by using their homology to respective subgenomes. The identified HSP genes were assigned name following the nomenclature pattern in the previous publication 26 . For sub-cellular localization prediction two web-based tools, namely, CELLOv.2.5 and TargetP 1.1 were used. The protein sequence of all the members was aligned using inbuilt ClustalW program of MEGA v6.06 package. HSP90, and HSP70 specific phylogenetic analysis was performed using MEGA v6.06 and the neighbor-joining method with 1000 bootstrap value 76 . To examine the transcript levels of the HSP90 and HSP70 gene family members in different fiber developmental stages, publically available transcriptome datasets 5 were downloaded from NCBI SRA database ( Supplementary Table S1 ) and analyzed using DNASTAR QSeq software 77 . The expression profile of genes was visualized using a heatmap generated using MeV v2.0 software 78 .
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In-vitro cotton ovule culture and inhibitor treatment. In-vitro ovule culture was performed with cotton ovules excised at −3 DPA for initiation and 0 DPA for elongation related studies using the method described by Beasley and Ting (1973) 79 . In brief, the ovules were surface sterilized with 0.1% HgCl 2 solution (w/v) and cultured in ½ murashige and skoog liquid (MSL) media supplemented with plant growth hormones, 5 µM α-NAA (Sigma Aldrich) and 0.5 µM gibberellic acid (Sigma Aldrich) and incubated at 32 °C in the dark. HSP90 and HSP70 specific inhibitors, novobiocin (Sigma Aldrich) and pifithrin (Sigma Aldrich) respectively, were used in the present study to elucidate their role in fiber development. The inhibitors were dissolved in dimethyl sulfoxide (DMSO; Sigma Aldrich) and added to cultured ovules at various concentrations (Nov: 6.3, 15.7 and 31.5 µM and Pif: 16, 20 and 24 µM). The effect of HSP inhibition on initiation, elongation and SCW stage, inhibitor treatment was observed on cultured ovules in six biological and three technical replicates at −3, 3 and 14 DPA, respectively. An equal concentration of DMSO was used to treat the control ovules. Cultured ovules were examined for the difference in fiber development under control and inhibited conditions. The inhibitor concentration (IC 50 ) value that corresponds to 50% fiber growth inhibition was calculated for both the inhibitors by estimating their TFU. Further, images were taken at 6, 12 and 24 DPA for initiation, elongation and SCW stages, respectively, using Lumix DMC FZ-70 camera (Panasonic).
Scanning Electron Microscopy.
Control and treated in-vitro cultured ovules at 1 DPA stage were washed twice with 1XPBS (pH 7.2) followed by thorough washing in 0.1 M sodium cacodylate buffer and fixed in 2.5% glutaraldehyde and 4% paraformaldehyde solution for overnight at 4 °C. Ovules were again washed thrice using 0.1 M sodium cacodylate for 20 min each and then transferred in osmium tetraoxide for overnight. Further, two washings of 0.1 M sodium cacodylate were conducted to remove excess osmium tetraoxide. Next, dehydration was carried out in acetone series using 15%, 30%, 60% and 90% solution. At least 3 changes were made in 100% acetone for 20 min each. Samples were dehydrated till they reach critical point of dehydration (CPD) and finally coated with platinum particles (2 coating). The platinum coated samples were observed under the scanning electron microscope (FEG450 Quanta, Netherland).
Quantitative estimation of fiber parameters.
To observe the effect of inhibitors on fiber growth of in-vitro cultured 3 DPA old ovules (initiation stage) and 12 DPA old ovules (elongation stage) was analyzed by estimating TFU 80 . Briefly, treated and control ovules in three biological and three technical replicates were stained in toluidine blue solution, followed by through washing with distilled water. The stained ovules were immersed in the de-staining solution and absorbance of the de-staining solution was monitored (in triplicates) at 624 nm on UV-Vis spectrophotometer (Shimadzu, Japan) after 1 h incubation. The concentration at which the TFU value was half to that of control ovules was designated as IC 50 value for the corresponding inhibitor. Further, to examine the effect of inhibitors in SCW stage, cellulose content was estimated in control and treated ovules at 24 DPA using Anthrone method 81 .
Bacterial expression and purification of recombinant GhHSP90-7 and GhHSP70-8 in E. coli. Bacterial expression of recombinant GhHSP90-7 and GhHSP70-8 was performed using champion pET-SUMO expression system (Invitrogen). The full-length coding sequence of GhHSP90-7 (2.1 Kb) and GhHSP70-8 (1.8 Kb) was amplified with advantage Taq DNA polymerase (Clontech) using gene-specific primers ( Supplementary Table S4 ) and cloned in the pET-SUMO TA-cloning vector. E. coli BL21 (RIL) strain was used to express the proteins. Bacterially expressed recombinant proteins were purified using Ni-NTA columns (Qiagen) according to the manufacturer's protocol and were confirmed on SDS-PAGE followed by immunoblot using anti penta-His antibody (Qiagen).
Molecular chaperone assay.
The chaperone activity of HSP90 and HSP70 proteins was measured by incubating with substrate CS at an elevated temperature, and the first reaction of the citric acid cycle was monitored 35 . In the first reaction of citric acid cycle acetyl-CoA reacts with oxaloacetic acid in the presence of CS to form acetyl-CoA thioester. DTNB oxidizes acetyl-CoA thioester to form a yellow product that is observed spectrophotometrically. The aggregation of 0.5 µM citrate synthase (from Porcine heart; Sigma) was induced at 43 °C in 50 mM HEPES (pH 8.0), with or without 1.8 µM proteins (BSA or HSP90/70 (Human, Sigma) or GhHSP90/70) and with or without HSP90/70 inhibitors Nov or Pif respectively. The activity of CS was monitored spectrophotometrically at 412 nm in the presence of 0.1 mM oxalo acetic acid, 0.1 mM DTNB [5,5'-dithiobis(2-nitrobenzoic acid)] and 0.05 mM acetyl-CoA in TE buffer (50 mM tris, 2 mM EDTA, pH 8.0). The readings recorded at 25 °C at an interval of 10 min for total of 40 min. The experiment was performed twice, each with two biological and three technical replicates.
Histochemical detection of relative H 2 O 2 and superoxide in cultured ovules. Relative H 2 O 2 levels were measured in control and inhibitor-treated ovules at 0 and 6 DPA, using cell-permeable 2′,7′-dic hlorodihydrofluorescein diacetate (H 2 DCFDA) 82 . Control and inhibitor-treated cotton ovules in three biological and two technical replicates were incubated in H 2 DCFDA solution (0.5 mg/ml in 1XPBS) at room temperature. Conversion of non-fluorescent H 2 DCFDA to fluorescent 2′,7′-dichlorofluorescein (DCF) in ovules was measured by fluorimeter (BioTek FLX800; excitation/emission: 485/525 nm) for 60 min at the interval of 10 min. For the detection of superoxide radicals, control and treated ovules at 0 and 6 DPA were stained with nitro-blue tetrazolium chloride (NBT) (Roche Diagnostics) 83 . Ovules were stained with NBT staining solution (0.2% NBT in 50 mM sodium phosphate buffer) for 10 min. Followed by through washing with distilled water. The images of ovules were captured under stereo-microscope (Leica MZ 125, Germany).
ScIenTIFIc REPORTS | (2018) 8:3620 | DOI:10.1038/s41598-018-21866-0 Ascorbate peroxidase assay. The control and inhibitor-treated cultured ovules at 0 DPA were crushed in liq. nitrogen and homogenized in 1 ml extraction buffer containing 50 mM phosphate buffer (pH 7.0), 1 mM EDTA, 2% PVP, 10% glycerol and 1 mM ascorbate. The homogenate was centrifuged at 13,000xg for 30 min at 4 °C and supernatant was used for estimation of APX activity by spectrophotometric method 7, 84 . Briefly, 100 µl of sample was mixed with assay buffer containing 50 mM phosphate buffer (pH 7.0), 0.1 mM EDTA and 0.5 mM ascorbate. The reaction was initiated by addition of 0.1 mM H 2 O 2 and change in absorbance was monitored at 290 nm in UV/Vis-spectrophotometer (Perkin-Elmer) for 3 min at 30 seconds interval. The APX activity was calculated by a decrease in absorbance of ascorbate. One unit of enzyme activity was defined as the amount of APX required for the oxidization of 1 μmol ascorbate at 25 °C in 1 min. MDC staining. MDC dye was used to stain autophagic vesicles. Ovules at 0 and 1 DPA were stained with a 0.05 mM final concentration of monodansylcadaverine (Sigma) in 1XPBS for 10 min 85 . Ovules were washed twice with 1XPBS to remove excess MDC. Transverse sections of ovule were observed under LSM 510 META confocal microscope (Carl Zeiss), with an excitation wavelength of 335 nm and an emission band pass of 505-535 nm.
Transmission electron microscopy. The ovules were cultured at −3 DPA and treated with inhibitors. At 1 DPA the control and treated ovules were washed with 1XPBS (pH 7.2). The ovules were then fixed in 2.5% glutaraldehyde prepared in 0.1 M sodium cacodylate buffer (pH 7.2) (Ladd Research) for 4 h at 4 °C followed by three times washing with 0.1 M sodium cacodylate buffer. Further, the ovules were treated with 1% osmium tetraoxide for 4 h and thoroughly washed with sodium cacodylate. After this, the ovules were dehydrated in acetone series (15-100%) and then embedded in araldite-DDSA mixture (Ladd Research Industries, USA) followed by baking at 60 °C. Ultra-microtome (Leica EM UC7) was used to cut 60-80 nm thick sections from the blocks. Further, these sections were stained with uranyl acetate and lead citrate and analyzed under FEI Tecnai G2spirit twin transmission electron microscope equipped with Gatan digital CCD camera (Netherland) at 80 kV.
RNA extraction from cultured ovules. Total RNA was isolated from control (DMSO), HSP90 and HSP70 inhibitor-treated ovules at 6 DPA using the spectrum plant total RNA isolation kit (Sigma Aldrich). After DNaseI (Ambion) treatment, quality and quantity of samples were checked using 2100 Agilent Bioanalyzer (Agilent) and Nanodrop 1000 spectrophotometer (Thermo Scientific), respectively. Transcriptome analysis. Control and inhibitor treated RNA samples at 6 DPA were used for library preparation and sequenced by paired end sequencing method 14 with Illumina NextSeq. 500 sequencing platform. The fastq files generated after sequencing were quality filtered using FASTX toolkit (http://hannonlab.cshl.edu/ fastx_toolkit/) ( Supplementary Table S2 ). The processed reads were aligned with default parameters using Tophat (version 2.1.1) on G. hirsutum genome downloaded from Cotton Genome Project (CGP) (http://cgp.genomics. org.cn/page/species/download.jsp?category=hirsutum). The estimation of FPKM (Fragment per kilo per million) values for expression of genes and transcripts were performed using Cufflinks program (version 2.0.0) with default parameters. The DEGs were filtered by p-value ≤0.01, FDR ≤0.05 and log fold change > 1, and these DEGs were used further for pathway analysis using Mapman (version 3.5.1R2).
qRT-PCR Analysis. First-strand cDNA was synthesized from DNaseI treated total RNA using SuperScript III (Invitrogen). The qRT-PCR reaction was carried out for selected DEGs ( Supplementary Table S4 ) using SYBR Green PCR master mix (Invitrogen) in ABI7500 Fast real-time PCR system (Applied Biosystems). All the reactions were performed in three biological and three technical replicates. GbUbiQ1 and Histone3 (Accession number AY375335 and AF024716, respectively) 86 were used as internal controls for data normalization. Further, average fold change was calculated from the normalized data by using the ∆∆Ct method of ABI7500 SDS software (version 1.2.2).
